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Cyanogenic compounds occur widely in the plant kingdom. Therefore, many herbivores are adapted to
the presence of these compounds in their diet by either avoiding cyanide release or by efﬁcient cyanide
detoxiﬁcation mechanisms. The mechanisms of adaptation are not fully understood. Larvae of Pieris rapae
(Lepidoptera: Pieridae) are specialist herbivores on glucosinolate-containing plants. They are exposed to
cyanide during metabolism of phenylacetonitrile, a product of benzylglucosinolate breakdown catalyzed
by plant myrosinases and larval nitrile-speciﬁer protein (NSP) in the gut. Cyanide is metabolized to b-
cyanoalanine and thiocyanate in the larvae. Here, we demonstrate that larvae of P. rapae possess b-
cyanoalanine activity in their gut. We have identiﬁed three gut-expressed cDNAs designated PrBSAS1-
PrBSAS3 which encode proteins with similarity to b-substituted alanine synthases (BSAS). Character-
ization of recombinant PrBSAS1-PrBSAS3 shows that they possess b-cyanoalanine activity. In phyloge-
netic trees, PrBSAS1-PrBSAS3, the ﬁrst characterized insect BSAS, group together with a characterized
mite b-cyanoalanine synthase and bacterial enzymes indicating a similar evolutionary history.
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
As an inhibitor of cellular respiration, cyanide is toxic for aerobic
organisms. Herbivorous insects may be exposed to cyanide through
the ingestion of cyanogenic compounds, such as cyanogenic glu-
cosides, produced by their host plants as chemical defenses
(Gleadow and Møller, 2014). Disruption of the plant tissue brings
cyanogenic glucosides together with their hydrolytic enzymes, b-
glycosidases, and free a-hydroxynitriles are formed. These are un-
stable and decompose spontaneously or enzymatically catalyzed
into an aldehyde and toxic HCN (Fig. 1). Many generalist herbivores
can tolerate low levels of cyanogenic compounds in their diet, but
they avoid plants with high cyanogen content or, if forced to feed on
such plants, suffer from serious symptoms of cyanide poisoning or
die (Gleadow and Woodrow, 2002; Ballhorn et al., 2005). Some
specialist herbivores have acquired adaptations which allow them, b-substituted alanine syn-
, N,N-dimethyl-p-phenyl-
).
TH Aachen University, Wor-
Ltd. This is an open access article uto ingest high amounts of cyanogenic plant material without ill
effects. Besides chemical modiﬁcation of the intact glucoside to
make it acyanogenic (Engler et al., 2000), they may circumvent
cyanogenic glucoside hydrolysis bymultiple mechanisms including
feeding mode and plant glucosidase inhibition (Pentzold et al.,
2014, 2015). If cyanide release cannot be prevented by such
mechanisms, efﬁcient means of cyanide detoxiﬁcation are required
(Duffey and Blum,1977;Witthohn and Naumann,1987;Meyers and
Ahmad, 1991; Wybouw et al., 2014). Many organisms, including
mammals and arthropods, detoxify cyanide by rhodanese (EC
2.8.1.1; S€orbo, 1955; Beesley et al., 1985; Cerletti, 1986) and/or b-
cyanoalanine synthase (EC 4.4.1.9, Fig. 1; Floss et al., 1965; Miller
and Conn, 1980; Meyers and Ahmad, 1991) activities.
b-Cyanoalanine synthases have primarily been investigated in
plants (Hatzfeld et al., 2000; Yamaguchi et al., 2000) and rhodan-
eses in mammals (Cipollone et al., 2007). Only little information is
available on the insect enzymes despite the widespread occurrence
of b-cyanoalanine in insects (Duffey and Blum, 1977; Witthohn and
Naumann, 1987). In the lepidopteran species Spodoptera eridania
and Trichoplusia ni (Noctuidae), b-cyanoalanine synthase activity
resides in the mitochondria (Meyers and Ahmad, 1991) while a
soluble b-cyanoalanine synthase has been puriﬁed from the gut of
the grasshopper Zonocerus variegatus (Orthoptera: Pyrgomorphi-
dae) (Ogunlabi and Agboola, 2007). None of the insect enzymes hasnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1. Cyanogenesis and cyanide detoxiﬁcation. A. Cyanide formation upon metabolism of benzylglucosinolate in larvae of P. rapae. In the presence of larval NSP, benzylglucosi-
nolate hydrolysis by plant myrosinases (Myr) yields phenylacetonitrile which upon a-hydroxylation by larval gut cytochrome P450 enzymes (CytP450) decomposes into cyanide
and an aldehyde. B. Cyanide formation from the cyanogenic glucoside dhurrin. Plant b-glucosidases (bGLU) convert dhurrin to its aglucone which decomposes to cyanide and an
aldehyde. C. Reaction catalyzed by b-cyanoalanine synthase (bCAS). D. Reaction catalyzed by O-acetylserine (thiol) lyase (OAS-TL).
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from the two-spotted spider mite, Tetranychus urticae (Trombidi-
formes: Tetranychidae), has recently been cloned and characterized
(Wybouw et al., 2014). Interestingly, the mites appear to have ac-
quired this gene from bacterial symbionts by an ancient horizontal
gene transfer event (Wybouw et al., 2014). Lepidopteran genomes
contain sequences which group together with the b-cyanoalanine
synthase sequence from T. urticae in phylogenetic analyses
(Wybouw et al., 2014). It is presently unknown, if they are derived
from the same or a separate gene transfer event (Wybouw et al.,
2014).
The Small Cabbage White butterﬂy, Pieris rapae (Lepidoptera:
Pieridae), is a specialist on plants containing glucosinolates, a group
of chemical defenses found in the Brassicales (Halkier and
Gershenzon, 2006). The defensive function of glucosinolates is
mainly attributed to the toxic isothiocyanates (mustard oils) which
are formed as a consequence of glucosinolate hydrolysis catalyzed
by plant thioglucosidases (myrosinases, EC 3.2.1.147) upon tissue
disruption ('mustard oil bomb'; Matile, 1980). Larvae of P. rapae
circumvent this defense by expression of a gut nitrile-speciﬁer
protein (NSP). In the presence of larval NSP, myrosinase-catalyzed
glucosinolate hydrolysis yields simple nitriles instead of the toxic
isothiocyanates (Fig. 1; Wittstock et al., 2004). Aliphatic nitriles are
excreted with the faeces while aromatic nitriles are further
metabolized (Wittstock et al., 2004; Vergara et al., 2006; Agerbirk
et al., 2010). Metabolism of the nitriles derived from benzyl- and
2-phenylethylglucosinolate (phenylacetonitrile and 3-
phenylpropionitrile) exposes the larvae to cyanide as these ni-
triles are decomposed to cyanide and an aldehyde after a-hydrox-
ylation by microsomal enzymes (Stauber et al., 2012, Fig. 1). When
larvae feed on a plant with high content of benzylglucosinolate
such as Tropaeolum majus (Tropaeolaceae), the amounts of cyanide
formed per hour are estimated to be far above toxic levels for
humans when related to body weight (Stauber et al., 2012). How-
ever, T. majus is a known host plant of P. rapae (Renwick and Huang,1995), and feeding on a cyanogenic mutant of Arabidopsis thaliana
(Brassicaceae) does not affect growth and survival of the larvae
(Stauber et al., 2012; Pentzold et al., 2015). Thus, P. rapae larvae
must be able to efﬁciently detoxify cyanide.
Feeding studies with aromatic glucosinolates or cyanogenic
glucosides as cyanide precursors and gaseous [15N]-labeled cyanide
have shown that cyanide metabolites in P. rapae include b-cya-
noalanine (Stauber et al., 2012). Here, we demonstrate b-cyanoa-
lanine synthase activity in larval extracts of P. rapae. Furthermore,
we report on the isolation from larval gut tissue of three cDNAs
encoding proteins with b-cyanoalanine synthase activity. To our
knowledge, this is the ﬁrst report on molecular cloning and char-
acterization of b-cyanoalanine synthases from insects.2. Material and methods
2.1. General
b-Cyanoalanine was obtained from Sigma. Protein concentra-
tions were determined with the Pierce BCA Protein Assay Kit
(Thermo FisherScientiﬁc) using bovine serum albumin (BSA) as a
standard according to the manufacturer's instructions. PCR was
performed on thermocyclers PeqStar (PEQLAB Biotechnology) and
TProfessional Gradient (Biometra). PCR primers were purchased
from Invitrogen (Life Technologies). Unless otherwise stated, re-
actions were set up in a total volume of 50 ml DreamTaq buffer
supplementedwith 0.2 mMof each dNTP, 0.2 mMof each primer,1 ml
cDNA or appropriate amount of template DNA and 0.25 ml
DreamTaq Polymerase (Thermo Scientiﬁc) and were subjected to
the following temperature program: 95 C for 5 min, 35 cycles of
95 C for 45 s, appropriate annealing temperature for 1 min, and
72 C for 1 min, and a ﬁnal incubation at 72 C for 10 min.
Sequencing was done at Euroﬁns MWG Operon (Ebersberg,
Germany).
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A culture of P. rapae butterﬂies was kept on Brussels sprouts
(Brassica oleracea ssp. oleracea, cv. Rosella) plants in a controlled
environment chamber at 25 C and 60% relative humidity with a
photoperiod of 16 h. The culture originated from individuals
donated by J. van Loon (Wageningen University, Wageningen, The
Netherlands) in January 2007 and has been supplemented with
locally collected individuals yearly (Braunschweig, Germany).
2.3. Plants
A. thaliana plants were grown in a controlled environment
chamber at 22 C and 55% humidity with a photoperiod of 10 h, at a
light intensity of 230 mmol m2 s1. A. thaliana genotypes were:
wild-type Columbia-0 (Col-0), transgenic 35S:CYP79A2 (high levels
of benzylglucosinolate; Wittstock and Halkier, 2000), transgenics
with overexpression of CYP79A1, CYP71E1, and sbHMNGT termed
3/dhurrin in the present paper and kindly provided by Søren Bak,
Copenhagen University (high levels of the cyanogenic glucoside
dhurrin; Tattersall et al., 2001). All transgenic plants were in the
Col-0 background.
2.4. Preparation of P. rapae protein extracts
Larvae were dissected into front part (containing head capsule
and parts of the foregut; “head”), gut tissue, gut content, and
remaining parts (“integument”) in 50 mM TriseHCl, pH 8.5, on ice.
Gut tissue was repeatedly rinsed with buffer. Whole larvae or the
separate parts were ground in an appropriate volume (500 or
1000 ml) ice-cold 50 mM TriseHCl, pH 8.5, using plastic pistills in
1.5 ml reaction tubes. After centrifugation at 20000  g for 10 min,
the supernatant was used as crude extract.
2.5. b-Cyanoalanine synthase assay
The protein preparation (500 ml, in 50mM TriseHCl, pH 8.5) was
added to amixture of 250 ml 25mMKCN and 250 ml 25mM cysteine
(both in 100 mM TriseHCl, pH 8.5) (Blumenthal et al., 1968). After
incubation at 31 C for 120 min (unless otherwise stated), the re-
action products sulﬁde or b-cyanoalanine were analyzed in a
colorimetric assay or by HPLC-MS, respectively. For colorimetric
detection and quantiﬁcation of sulﬁde, 250 ml 20 mM N,N-
dimethyl-p-phenylendiamindihydrochloride (DPD) in 7.2 M HCl
and 250 ml 30 mM FeCl3 in 1.2 M HCl were added. After incubation
in the dark for 20 min, samples were centrifuged at 22,000  g for
20 min, and the absorbance of the supernatant was determined at
650 nm against a blank (reaction mixture without protein extract)
in comparison with a standard dilution series of 0e100 mM Na2S
(Blumenthal et al., 1968). To test for the presence of b-cyanoalanine,
100 ml formic acid were added to the enzymatic reaction. After
centrifugation at 22000  g, the supernatant was analyzed by
HPLC-MS as described below.When puriﬁed recombinant enzymes
were investigated (section 2.13), assay mixtures were supple-
mented with 20 mM pyridoxal-50-phosphate. Extracts of Escherichia
coli transformed with the empty vector were subjected to the same
puriﬁcation procedure. Elution fractions corresponding to those
used for PrBSAS1-PrBSAS3 were collected. Empty vector elution
fractions were used with the same volumes as PrBSAS1-PrBSAS3
elution fractions with or without prior concentration. For deter-
mination of kinetic parameters of b-cyanoalanine synthase activity,
either KCN or cysteine concentrations were varied, and protein
amounts were adjusted to ensure linearity within 10 min incuba-
tion time (0.25 mg PrBSAS1, 1 mg PrBSAS2, 5 mg PrBSAS3). For each
preparation, mean values of three technical replicates were used toobtain Km and Vmax values by nonlinear ﬁtting to the Michae-
liseMenten equation using OriginPro 8. Km and Vmax values
determined in three independent expression experiments were
used to calculate means ± SEM as given in Table 1.
2.6. O-Acetylserine (thiol) lyase assay
Assays were done in a total volume of 250 ml 100 mMMOPS, pH
7.0, supplemented with 20 mM pyridoxal-50-phosphate, 5 mM DTT,
and the substrates Na2S (250 mM) andO-acetylserine (10mM) using
60 ml protein preparation corresponding to 0.5e10 mg protein (Lunn
et al., 1990). Protein preparations were obtained by heterologous
expression in E. coli and puriﬁcation as described in section 2.13
with an additional PD10 column to exchange the buffer to assay
buffer. As a negative control, we transformed the same E. coli strain
with empty expression vector and subjected its protein extracts to
the same protein puriﬁcation protocol. Elution fractions corre-
sponding to those used for PrBSAS1-PrBSAS3 were collected and
used in assays with the same volumes as PrBSAS1-PrBSAS3 elution
fractions. Reactions were incubated at 25 C for up to 30 min and
stopped by addition of 50 ml 20% (w/v) trichloroacetic acid. The
supernatant obtained after incubation on ice for 10 min and
centrifugation at 22,000 g for 10 minwas subjected to a modiﬁed
ninhydrine reaction to detect cysteine according to Gaitonde
(1967). The supernatant (250 ml) was added to 250 ml ninhydrine
reagent (250 mg ninhydrine dissolved in a mixture of 6 ml acetic
acid and 4 ml HCl) and reactions were heated at 95 C for 5 min.
Samples were cooled on ice, and 50 ml ice-cold ethanol were added.
Absorbance was measured at 560 nm in comparison with a stan-
dard dilution series of 0e200 mM cysteine.
2.7. Detection of b-cyanoalanine by HPLC-MS/MRM
HPLC-MS/MRM analysis was done using an Agilent 1200 series
HPLC instrument (Agilent Technologies) equipped with a Hyper-
clone C18 column (150 2 0.005mm, Phenomenex) and coupled
to a 3200 QTrap mass spectrometer (ABSciex). The mobile phase
was composed of solvent A (0.1% (v/v) formic acid) and solvent B
(0.1% (v/v) formic acid in methanol) and used at a ﬂow rate of
0.3ml/min (injection volume 10 ml). The gradient was as follows: 5%
(v/v) B for 2.2 min, 5e95% (v/v) B within 3 min. The mass spec-
trometer was run in negativemode andwith the following settings:
declustering potential 35 V, entrance potential 6 V, collision cell
entrance potential 14 V, collision energy 13 V, collision cell exit
potential 2 V, source temperature 630 C. Gas 1 and gas 2 were used
at 40 and 45 ml/min, respectively. The curtain gas was used at
25 ml/min and the collision gas (N2) at the medium setting. Mul-
tiple Reaction Monitoring (MRM) was done using m/z 112.722 as
the mother ion (Q1) and m/z 95.900 as the daughter ion (Q3)
(Stauber et al., 2012).
2.8. Induction experiments
For hydrogen cyanide fumigation, a gauze-net covered beaker
containing four fourth instar P. rapae larvae and Brussels sprouts
leaves was placed inside a canning jar. HCN was released by adding
5 ml concentrated sulfuric acid to a glass vial containing 50 ml of
10 mg/ml aqueous KCN inside the canning jar. A fresh vial with
acidic KCN solution was provided every day. Control larvae were
handled in the same way except that sulfuric acid was added to a
vial containing 50 ml of water. After 72 h (inwhich the larvae did not
show any signs of intoxication), larvae were dissected and b-cya-
noalanine synthase activity determined in extracts of gut tissue of
each individual. For feeding experiments with plants containing
cyanide precursors, freshly hatched L1 larvae were transferred to
Table 1
Kinetic constants of PrBSAS1, PrBSAS2, and PrBSAS3. After incubation of puriﬁed recombinant PrBSAS1, PrBSAS2 or PrBSAS3 with cysteine and KCN in the presence of pyr-
idoxal-50-phosphate for 10 min, sulﬁde formation was determined. KCN was used at 6 mM when cysteine concentrations were varied, and cysteine was used at 6 mM when
KCN concentrations were varied. Means ± SEM are given as determined in n ¼ 3 independent expression experiments. Kinetic data for b-cyanoalanine synthases from other
organisms are from the literature and have been added for comparison.
Cysteine KCN
kcat [s1] Vmax [mmol min1 mg1] Km [mmol l1] kcat [s1] Vmax [mmol min1 mg1] Km [mmol l1]
PrBSAS1 7.49 ± 1.06 12.32 ± 1.74 424 ± 39 10.25 ± 1.70 16.86 ± 2.80 7778 ± 1537
PrBSAS2 1.69 ± 0.18 2.81 ± 0.30 612 ± 144 0.43 ± 0.03 0.71 ± 0.05 278 ± 80
PrBSAS3 0.43 ± 0.02 0.71 ± 0.03 1.27 ± 0.10 e e e
CysC1a 2540 60
CysC1b 2.66 140 2.16 20
CYSL-2c 1200 9300
Tu-CASd 2.135 312
a Crude extracts of E. coli expressing A. thaliana CysC1 (Hatzfeld et al., 2000).
b Puriﬁed recombinant GST-tagged A. thaliana CysC1 (speciﬁc activity: 62.1 mmol min1 mg1) (Yamaguchi et al., 2000).
c Puriﬁed recombinant C. elegans CYSL-2 (speciﬁc activity: 115 mmol min1 mg1) (Vozdek et al., 2013).
d Puriﬁed recombinant His-tagged Tu-CAS (from T. urticae; Wybouw et al., 2014).
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3/dhurrin, 35S:CYP79A2. Pots were enclosed in perforated plastic
bags and kept in the controlled environment chamber for insects
described above. Larvae were transferred to fresh plants of the
same genotype several times until they reached the L5 state after
about ten days. Larvae were dissected and b-cyanoalanine synthase
activity determined in extracts of gut tissue of each individual.
2.9. RNA isolation and cDNA synthesis
RNA was isolated with Trizol Reagent (Life Technologies) ac-
cording to the manufacturer's instructions, quantiﬁed spectro-
photometrically and analyzed by agarose gelelectrophoresis. For
cDNA synthesis, RNA was subjected to reverse transcription using
RevertAidH Reverse Transcriptase (RT; Thermo Fisher) and an Oligo
(dT)20 primer according to the manufacturer's instructions. Cloning
of BSAS cDNAs was accomplished using 5 mg RNA from P. rapae gut
tissue.
2.10. PCR with degenerate primers
PCR reactions were conducted in a total volume of 50 ml
DreamTaq-PCR buffer supplemented with 0.8 mM of each primer
(Table S1), 0.2 mM of each dNTP, 2 ml gut cDNA preparation and
0.25 ml DreamTaq polymerase. The reactions were set up using the
Hotstart protocol, i.e. primers and cDNAwere preheated to 95 C in
20 ml water for 3 min, before the other components were added to
the hot solution. The temperature program followed a Touchdown
protocol including 16 cycles of 95 C for 45 s, 63e48 C (1 C per
cycle) for 1min, and 72 C for 1min, 20 cycles of 95 C for 45 s, 47 C
for 1 min, and 72 C for 1 min and a ﬁnal incubation at 72 C for
10 min. An aliquot (15 ml) of each reaction was analyzed by agarose
gelelectrophoresis. PCR products were cloned into pGEM-T Easy
(Promega) according to the manufacturer's protocol and
sequenced.
2.11. 30- and 50-RACE
Gene-speciﬁc primers were designed based on the sequences of
cDNA fragments. For ampliﬁcation of cDNA 30-ends and 30-UTR,
primer anchor-(dT)18 (Table S2) was used for cDNA synthesis from
P. rapae gut RNA. The resulting cDNA preparation was used as
template for PCR with a gene-speciﬁc primer (P1eP3, Table S2) and
the anchor primer (Table S2). For cloning of PrBSAS2, this was fol-
lowed by a nested PCR with a gene-speciﬁc primer (P4, Table S2)
and the anchor primer. The SMARTer RACE cDNA ampliﬁcation kit(Clontech) was used to obtain 50-ends and 50-UTR. First strand
cDNA was synthesized from P. rapae gut RNA according to the in-
structions of the manufacturer using gene-speciﬁc primers P5eP7
(Table S2). After extension with the SMARTer IIA oligonucleotide
(Clontech), PCR ampliﬁcation was done with the RACElong primer
and gene-speciﬁc primers P8 (PrBSAS1), P6 (PrBSAS2), and P7
(PrBSAS3) (Table S2). In case of PrBSAS3, this was followed by a
nested PCR with the RACEshort primer and primer P9 (Table S2).
PCR products were cloned into pGEM-T Easy (Promega) according
to the manufacturer's protocol and sequenced.
2.12. Generation of expression constructs
Based on the sequence information from 30- and 50-RACE, con-
structs for the expression of the corresponding proteins with an N-
terminal Strep-tag were generated by ampliﬁcation of the open
reading frames (ORF) from 1 ml cDNA using primer pairs P10/P11,
P12/P13 and P14/P15 (Table S2) and 0.5 ml PfuTurbo Cx Hotstart
Polymerase (Agilent) in a total volume of 25 ml (annealing tem-
perature 62 C, 90 s elongation time). The ORF of A. thaliana OAS-TL
A1 (At4g14880) was ampliﬁed by PCR with primers P25/P26
(Table S2) using cDNA of A. thaliana (Col-0) leaves as a template.
PCR products were gel-puriﬁed and transferred by USER-cloning
(Nour-Eldin et al., 2006) into pET52b (þ) vector (Novagen) USER-
modiﬁed as described previously (Kuchernig et al., 2011). Identity
of the sequences was conﬁrmed by sequencing.
2.13. Heterologous expression and puriﬁcation of recombinant
proteins
E. coli BL21 (DE3) pLysS (Invitrogen) was transformed with the
expression constructs or expression vector without insert. A single
colony was used to inoculate 25 ml terriﬁc broth (TB) medium
supplemented with 100 mg/l ampicillin and 34 mg/l chloram-
phenicol. After three days of incubation with shaking at 220 rpm
and at 18 C, an aliquot of this culture was used to inoculate
100e250 ml TB medium with antibiotics at an OD600 of 0.1e0.15,
and the resulting culture was grown at 18 C and 220 rpm. At an
OD600 of 0.4e0.5, IPTG was added to a ﬁnal concentration of 1 mM
and incubation continued for another 15 h. Cells were pelleted,
resuspended in 1.5 ml buffer (50 mM TriseHCl, pH 8.5) per g pellet
and extracted by soniﬁcation using a Soniﬁer W-250 (Branson).
After centrifugation, the supernatant was used as crude extract. For
enzyme puriﬁcation, cells were resuspended in 100 mM TriseHCl,
pH 8.0, 150 mMNaCl, 1 mM EDTA before extraction, and the extract
was loaded onto Strep-Tactin Sepharose resin (IBA, G€ottingen,
Fig. 2. b-Cyanoalanine formation by P. rapae protein extract upon incubation with
cyanide and cysteine. A cell free extract of P. rapae L5 larvae corresponding to 400 mg
total protein (A) or heat denatured extract (400 mg total protein, B) were incubated
with KCN and cysteine for 30 min. Reaction mixtures (A, B) and b-cyanoalanine
standard (C) were analyzed by HPLC-MS/MRM. Shown are HPLC-MS/MRM traces
depicting the m/z 112.7 to m/z 95.9 transition.
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structions by the manufacturer. Purity of fractions eluted with
2.5 mM desthiobiotin in extraction buffer was assessed by SDS-
PAGE and fractions containing highest amounts of recombinant
protein were pooled and subjected to enzyme assays.
2.14. Complementation assay
E. coli strain NK3 (Shirzadian-Khorramabad et al., 2010) was
transformed with the PrBSAS1-PrBSAS3 or AtOAS-TL A1 expression
constructs (Section 2.12) or expression vector without insert. Cells
were plated onto solid M9 minimal medium supplemented with
0.2 g/l L-leucine, 0.2 g/l L-tryptophan, 0.5 mM L-cysteine, 100 mg/ml
ampicilline, and 0.5 mM IPTG and incubated at 37 C for two days.
Transformed cells were then replated on the same mediumwith or
without omission of L-cysteine and incubated at 37 C for seven
days.
2.15. Quantitative real-time PCR (qPCR)
Total RNA from different parts of the larvae was isolated from a
pool of three-ﬁve larvae (Fig. S2) as described (Section 2.9). RNA
isolation from gut content was attempted, but RNA yield was too
low for further analysis. After DNase treatment, 0.75 mg RNA was
used for cDNA synthesis (Section 2.9). qPCR was performed in a
total volume of 20 ml (10 ml Bio-Rad iTaq Universal SYBR Green
Supermix, 1 ml of each gene-speciﬁc primer (Table S3) and 8 ml of
cDNA (400 dilution)) using a Bio-Rad CFX Connect Real-Time PCR
Detection Systemwith the following temperature programme: 30 s
of 95 C, 35 cycles of 5 s 95 C/30s 60 C. Reactions were run for
three independent biological samples and with three technical
replicates each. Primer efﬁciencies (E) were determined using a
serial dilution (undiluted-10.000 diluted) of pooled cDNA tran-
scribed from 0.75 mg RNA of whole larvae and were as follows:
1.004 (EF1a), 0.910 (GAPDH), 0.933 (PrBSAS1), 0.883 (PrBSAS2), 0.917
(PrBSAS3). The CT values of PrBSAS1-3 were normalized to either
EF1a or GAPDH as reference (Ref) genes. The expression level of the
gene of interest (GOI) in each tissue was expressed as
(1 þ E)DCT ¼ (1 þ ERef)CTRef/(1 þ EGOI)CTGOI, i.e. by a variant of the
2DCT method with inclusion of primer efﬁciencies (Livak and
Schmittgen, 2001). To ensure speciﬁcity, water controls were
included, identity of PCR products was conﬁrmed for each primer
pair by cloning and sequencing from a gut sample, and melting
curves were checked for every run.
2.16. Phylogenetic analysis and sequence analysis
For phylogenetic analysis, an alignment was generated using
MEGA6 with the MUSCLE algorithm (Tamura et al., 2011, 2013). The
Maximum-Likelihood tree was built with 1000 bootstrap replica-
tions based on the Jones-Taylor-Thornton (JTT) model using uni-
form rates. GC content for organisms was determined at http://
www.kazusa.or.jp/codon/(Nakamura et al., 2000). GC content of
characterized and uncharacterized BSAS sequences was deter-
mined with UGENE (Okonechnikov et al., 2012). Codon usage in
coding sequences was analyzed with The Sequence Manipulation
Suite (Stothard, 2000) at http://www.bioinformatics.org/sms2/
codon_usage.html.
3. Results
3.1. Evidence for b-cyanoalanine synthase activity in larvae
In order to test if P. rapae possesses b-cyanoalanine synthase
activity, cell free extracts of L5 larvae were incubated with KCN andcysteine and then analyzed by HPLC-MS/MRM for the presence of
b-cyanoalanine in comparison with reaction mixtures containing
denatured extract (Fig. 2). The transition expected for b-cyanoala-
nine (m/z 112.7 e m/z 95.9) was observed in these reaction mix-
tures, but not in reaction mixtures with heat-denatured extract. In
order to detect sulﬁde as the second product of the reaction cata-
lyzed by b-cyanoalanine synthase, a colorimetric method was
applied (Fig. 3). The level of sulﬁde in reaction mixtures containing
non-denatured extract of L5 larvae was about three times higher
than that found in reaction mixtures with heat-denatured extract.
Taken together, this demonstrates that there is b-cyanoalanine
synthase activity in P. rapae larvae.3.2. Distribution and inducibility of b-cyanoalanine synthase
activity in larvae
In order to ﬁnd out in which parts of the larvae b-cyanoalanine
synthase activity is expressed, larvae were dissected and different
parts extracted separately. The analysis of b-cyanoalanine synthase
activity in the different extracts showed that the highest speciﬁc
activity was present in gut tissue (Fig. 4). To test if b-cyanoalanine
synthase activity is induced by exposure to cyanide, we determined
b-cyanoalanine synthase activity in gut extracts of L5 larvae which
had been either exposed to sublethal levels of gaseous hydrogen
cyanide for 72 h or fed with plant material containing cyanide
precursors throughout larval development. In case of fumigation
with cyanide, b-cyanoalanine synthase activity in gut extracts of
treated larvae did not differ from that found in gut extracts of
Fig. 3. Sulﬁde formation by P. rapae protein extract upon incubation with cyanide and
cysteine. A cell free extract of P. rapae L5 larvae corresponding to 400 mg total protein
or heat denatured extract (denat.) were incubated with 6.25 mM KCN and 6.25 mM
cysteine for 120 min. Sulﬁde concentrations in the reaction mixtures were determined
using a colorimetric method. Shown are means ± SD (n ¼ 3).
Fig. 4. b-Cyanoalanine synthase activity in different parts of P. rapae L5 larvae. Larvae
were dissected into front part (containing head capsule with parts of the foregut,
“head”), gut tissue (extensively rinsed before extraction), gut content, and remaining
parts of the larvae (“integument”), and each part was extracted separately for each
individual. After incubation of the extracts (250 mg total protein per assay) with
6.25 mM KCN and 6.25 mM cysteine, sulﬁde was quantiﬁed in the reaction mixtures by
the colorimetric method. A reaction mixture containing heat-denatured extract of gut
tissue was used as negative control. Three independent experiments with four or ﬁve
individuals each were conducted. Shown are means ± SD (n ¼ 13).
Fig. 5. b-Cyanoalanine synthase activity in larvae with and without cyanide exposure.
b-Cyanoalanine synthase activity was measured as the amount of sulﬁde released
upon incubation of larval gut extracts with 6.25 mM KCN and 6.25 mM cysteine.
Shown are means ± SD, n is given in each column. A. Larvae were fumigated with
hydrogen cyanide for 72 h or treated in the same way, but without hydrogen cyanide
exposure (control). Gut extract corresponding to 175 mg total protein was used for each
assay. B. Larvae fed on one of the food plants throughout larval development. 3/
dhurrin plants accumulate the cyanogenic glucoside dhurrin, and 35S:CYP79A2 plants
accumulate benzylglucosinolate whose metabolism in the larvae releases cyanide. Gut
extract corresponding to 250 mg total protein was used for each assay. The asterisk
indicates a signiﬁcant difference to larvae from Col-0 wildtype plants (p < 0.05, t-test).
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fumigated with cyanide for 24 h, and extracts of whole larvae were
analyzed for b-cyanoalanine synthase activity in comparison to
extracts of control larvae. Again, there was no sign of induction
(data not shown). When larvae were raised on A. thalianawildtype,
3/dhurrin or 35S:CYP79A2 plants, b-cyanoalanine synthase ac-
tivity in gut extracts from individual larvae showed large variations.
On average, larvae from plants with cyanide precurors had onlyslightly higher b-cyanoalanine synthase activity than those from
wildtype plants (Fig. 5B). This difference was signiﬁcant for larvae
reared on 3/dhurrin plants (<1.4-fold induction), but not for
larvae reared on 35S:CYP79A2 plants. Taken together, P. rapae
larvae possess the highest level of speciﬁc b-cyanoalanine synthase
activity in gut tissue. This activity does not seem to be subject to a
pronounced induction by cyanide if delivered at sublethal levels
either by fumigation of late instar larvae for up to 72 h or through
precursors present in the food plant ingested throughout larval
development.3.3. Cloning of putative b-cyanoalanine synthase cDNAs
A PCR strategy with degenerate oligonucleotides was applied to
identify P. rapae cDNAs encoding b-cyanoalanine synthases. As no
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from animals was available until recently (Vozdek et al., 2013;
Wybouw et al., 2014), we ﬁrst used a b-cyanoalanine synthase
sequence from A. thaliana (CysC1) and a putative b-cyanoalanine
synthase sequence from Caenorhabditis elegans (CYSL-2 (Budde and
Roth, 2011), later characterized as b-cyanoalanine synthase
(Vozdek et al., 2013)) to perform BLAST (http://blast.ncbi.nlm.nih.
gov/Blast.cgi) searches against translated nucleotide or protein
sequences from Arthropods. Searches with each of these sequences
identiﬁed candidate b-substituted alanine synthase (BSAS) se-
quences in the lepidopteran species Papilio xuthus, Danaus plexipus,
Bombyx mori, and Spodoptera exiguawith about 37% identity at the
amino acid level. Based on the alignment of CYSL-2 and the lepi-
dopteran sequences, we designed three forward and three reverse
degenerate primers (Fig. S1) and applied them in PCR on P. rapae
larval gut cDNA. PCR with primer combinations F1/R1, F2/R2, and
F1/R3 yielded fragments of the expected lengths, and sequencing
revealed similarity of these fragments to CYSL-2. Thus, they rep-
resented fragments of putative cDNAs designated PrBSAS1, PrBSAS2
and PrBSAS3, respectively. ORFs were completed by 30- and 50-RACE
which also yielded 30-UTR (49, 52, and 57 bp, respectively) and 50-
UTR (567, 109, and 708 bp, respectively). Based on their nucleotide
sequence identity of 58e64%, PrBSAS1-PrBSAS3 represent homolo-
gous genes rather than alleles. The ORFs encode polypeptides of
325e326 amino acids with a molecular weight of 35.1 kDa
(PrBSAS1), 34.8 kDa (PrBSAS2), and 35.0 kDa (PrBSAS3) (http://
web.expasy.org/compute_pi/). The deduced amino acid sequences
share 65e72% sequence identity with each other and with the se-
quences from D. plexipus and P. xuthus, 33e35% with CYSL-2 from
C. elegans, 32e34% with O-acetylserine (thiol) lyase (At3g14880)
and 30e31% with b-cyanoalanine synthase CysC1 (At3g61440)
from A. thaliana. According to Interpro-Scan 4.8 (EMBL-EBI, http://
www.ebi.ac.uk/Tolls/pfa/iprscan/), PrBSAS1-PrBSAS3 possess a
pyridoxal-50-phosphate binding motif and belong to the super-
family of tryptophan-synthase b-subunit-like pyridoxalphosphate-
dependent enzymes like b-cyanoalanine synthases, O-acetylserine
(thiol) lyases, or cystathionine-b-synthases. The software tool Tar-
getP (http://www.cbs.dtu.dk/services/TargetP/) did not identify
signal peptides for mitochondrial or ER targeting.
3.4. Characterization of the b-cyanoalanine synthase activity of
recombinant PrBSAS1-PrBSAS3
In order to test if one or several of the isolated cDNAs encode
enzymes with b-cyanoalanine synthase activity we expressed them
heterologously in E. coli and analyzed the recombinant proteins.
Successful expression of PrBSAS1-PrBSAS3 proteins was conﬁrmed
by Western blot analysis using alkaline phosphatase-conjugated
Strep-Tactin which detects proteins possessing a Strep tag
(Fig. 6AeB). Based on this analysis, PrBSAS3 was only expressed at
very low levels. When crude extracts of E. coli transformed with the
expression constructs were incubated with KCN and cysteine, we
observed a time-dependent formation of sulﬁde in extracts con-
taining PrBSAS1 and PrBSAS2. Sulﬁde formation in reaction mix-
tures containing extract with PrBSAS3 was only slightly higher than
that of control reactions containing extract of E. coli transformed
with empty vector (Fig. 6C). To investigate PrBSAS1-PrBSAS3 in
more detail, we puriﬁed the three proteins by Strep-Tactin afﬁnity
chromatography (Fig. S3A). When we incubated each of the re-
combinant proteins (1 mg) with KCN and cysteine in the presence of
pyridoxal-50-phosphate, sulﬁde was produced in a time-dependent
manner (not shown). Highest speciﬁc activities were found with
PrBSAS1 while PrBSAS3 had the lowest activity. When we used
equal volumes of elution fractions from extracts of E. coli trans-
formed with empty vector, no b-cyanoalanine was formed.Reaction velocities of PrBSAS1 and PrBSAS2 depended on cysteine
and cyanide concentrations according to the MichaeliseMenten
equation (Fig. 7, Table 1). For PrBSAS3, we were able to prove
MichaeliseMenten kinetics only for cysteine (Fig. 7, Table 1). Km
values were in the upper micromolar to millimolar range with the
exception of PrBSAS3 with a Km for cysteine of 1.3 mM. However,
turnover numbers for cysteine and cyanide were highest for
PrBSAS1.
3.5. Analysis of recombinant PrBSAS1-PrBSAS3 for O-acetylserine
(thiol) lyase activity
As some b-cyanoalanine synthases from other organisms also
possess O-acetylserine (thiol) lyase (cysteine synthase) activity
(Hell and Wirtz, 2011; Wybouw et al., 2014), we tested if PrBSAS1-
PrBSAS3 are able to catalyze the conversion of O-acetylserine and
sulﬁde to cysteine. Upon incubation of puriﬁed recombinant
PrBSAS1-PrBSAS3 with O-acetylserine and Na2S in the presence of
pyridoxal-50-phosphate, we detected time-dependent cysteine
formation which was not detectable in reactions set up with heat-
denatured PrBSAS1-PrBSAS3 or just buffer. However, reactions set
up with an equal volume of elution fraction obtained upon sub-
jecting extracts of E. coli transformed with empty vector to the
puriﬁcation procedure also produced cysteine to varying extent.
This indicated that the puriﬁcation procedure, although efﬁcient
based on SDS-PAGE analysis (Fig. S3A), did not lead to complete
removal of endogenous E. coli activity. While cysteine formation by
PrBSAS1 was higher than that obtained with an equal volume of
elution fraction from the vector control in most experiments, this
was not the case for PrBSAS2 and PrBSAS3 (Fig. S3B, C). To further
investigate the ability of PrBSAS1-PrBSAS3 to catalyze cysteine
formation, we conducted complementation assays with the E. coli
mutant NK3which is deﬁcient in endogenous O-acetylserine (thiol)
lyase activity. Only the expression construct for OAS-TL A1 from
A. thaliana used as positive control, but none of the expression
constructs for P. rapae BSAS complemented the mutant. Thus, we
were not able to clearly demonstrate O-acetylserine (thiol) lyase
activity of PrBSAS1-PrBSAS3.
3.6. Expression analysis of PrBSAS1-PrBSAS3
In order to test which of the identiﬁed genes is expressed in the
gut of P. rapae, we analyzed transcript levels of PrBSAS1-PrBSAS3 in
gut tissue, integument, and head of larvae by qPCR (Fig. 8, Fig. S4,
Table S4). This showed that all three genes are expressed in gut
tissue. PrBSAS2 was expressed at much higher levels than PrBSAS1
and PrBSAS3. PrBSAS2 and PrBSAS3 transcripts were also detected in
the integument and head, but at very low levels. Levels of PrBSAS1
transcripts in integument and head were below the detection limit.
We also tested if cyanide exposure may lead to enhanced transcript
levels of one or several of the genes in the larval gut. In two pilot
experiments, we did not ﬁnd a pronounced induction of any of the
genes by semi-quantitative RT-PCR (Fig. S5).
3.7. Evolutionary history of PrBSAS1-PrBSAS3
To study the phylogenetic origin of PrBSAS1-PrBSAS3, we
selected representative BSAS sequences from bacteria and eu-
karyotes for phylogenetic analysis. One group of sequences
included in the analysis consisted of characterized BSAS from
bacteria (e.g. E. coli O-acetylserine (thiol) lyases CysM (Sirko et al.,
1987) and CysK (Waiter and Hulanicka, 1979)), from plants (e.g.
A. thaliana b-cyanoalanine synthase; Hatzfeld et al., 2000;
Yamaguchi et al., 2000), and from animals (e.g. Tu-CAS (Wybouw
et al., 2014), CYSL-2 from C. elegans (Vozdek et al., 2013), and
Fig. 6. Heterologous expression of PrBSAS1-PrBSAS3 in E. coli. PrBSAS1-PrBSAS3 ORFs were expressed in E. coli in fusion with an N-terminal Strep-tag. As a control, E. coli trans-
formed with the expression vector without insert were treated the same (vector control, V). A. SDS-PAGE analysis of crude E. coli extracts (10 mg total protein). B. Western-blot
analysis of crude E. coli extracts (25 mg total protein) using AP-conjugated Strep Tactin. C. b-Cyanoalanine synthase activity measured as time-dependent sulﬁde formation
upon incubation of E. coli extracts (25 mg total protein) with KCN and cysteine.
Fig. 7. Kinetics of b-cyanoalanine synthase activity of PrBSAS1-PrBSAS3. Sulﬁde formation was determined upon incubation of puriﬁed recombinant PrBSAS1 (A, B), PrBSAS2 (C, D)
or PrBSAS3 (E) with cysteine and KCN in the presence of pyridoxal-50-phosphate for 10 min. KCN was used at 6 mMwhen cysteine concentrations were varied (A, C, E). Cysteine was
used at 6 mM when KCN concentrations were varied (B, D). Shown are results of one out of three independent experiments. Each data point represents the mean of three technical
replicates. The curves were generated by nonlinear ﬁtting to the MichaeliseMenten equation.
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based on the comprehensive phylogenetic analysis by Wybouw
et al. (2014) to represent the closest relatives of Tu-CAS and con-
sisted of characterized and uncharacterized sequences from bac-
teria and uncharacterized insect sequences. For clarity, we also
included an uncharacterized CysM homolog from Achromobacter
xylosoxidans, the species that also possesses a BSAS homolog
identiﬁed as closest relative to Tu-CAS outside the Arthropoda
(Wybouw et al., 2014). As a result, PrBSAS1-PrBSAS3 and unchar-
acterized insect sequences grouped together with the mite b-cya-
noalanine synthase among uncharacterized bacterial sequences
(Fig. 9). Together, these sequences formed a clade distinct from the
well characterized bacterial O-acetylserine (thiol) lyases (E. coli
CysM and CysK homologs) and O-acetylserine (thiol) lyases/b-
cyanoalanine synthases from plants and nematodes. This indicatesthat PrBSAS1-PrBSAS3 (as well as other lepidopteran BSAS) have a
similar evolutionary background as Tu-CAS, i.e. they have likely
been recruited from bacteria through horizontal gene transfer.
A horizontal gene transfer event is followed by amelioration, i.e.
signatures of the source genome such as GC content and codon
usage are overwritten in the transferred gene by mutations
occurring across the host genome over time (Ravenhall et al., 2015).
We have therefore analyzed GC content and codon usage in
PrBSAS1-PrBSAS3 and compared them to those determined for
coding sequences of bacterial and insect species. GC content of
PrBSAS1-PrBSAS3 (44e48%) was very similar to that found in the
two lepidopteran species Pieris rapae and Spodoptera frugiperda
(41e46%) based on the Kazusa database (http://www.kazusa.or.jp/
codon/) (Table S5). Although the organism from which the BSAS
genes might have been transferred is unknown and GC content is
Fig. 8. Expression of PrBSAS1-PrBSAS3 in P. rapae larvae. Larvae were dissected and the
different parts pooled from three to ﬁve individuals before RNA isolation (Fig. S3).
Equal amounts of RNA were used for cDNA synthesis which was analyzed by qPCR
using SYBR Green for quantiﬁcation. The CT values of PrBSAS1-3 were normalized to
EF1a as reference (Ref) gene. The expression level of the gene of interest (GOI) in each
tissue was expressed as (1 þ E)DCT ¼ (1 þ ERef)CTRef/(1 þ EGOI)CTGOI (E, primer efﬁ-
ciency). Means ± SD of n ¼ 3 biological replicates.
Fig. 9. Phylogenetic relationship of BSAS from bacteria and eukaryotes. PrBSAS1-PrBSAS3 and uncharacterized insect sequences are highlighted with light grey and mite sequences
with dark grey background. BSAS from other eukaryotes are boxed. The Maximum Likelihood tree was generated with 1000 bootstrap replications. S. cerevisiae tryptophan synthase
was used as an outgroup. Branch lengths refer to the number of substitutions per site. A scale bar is given below the tree. bCAS, b-cyanoalanine synthase; OAS-TL, O-acetylserine
(thiol) lyase.
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group together with the Arthropod sequences and which are
therefore candidate source organisms. We found the GC content of
coding sequences from A. xylosidans and Methylobacterium extor-
quens in the Kazusa database to be above 62% and determined a GC
content of 72% for the putative BSAS sequence from A. xylosidans
(EGP46495.1) (Table S5). Codon usage in PrBSAS1-PrBSAS3 was
similar to that in the coding sequence of P. rapae NSP, a member of
an insect-speciﬁc gene family (Fischer et al., 2008), and distinct
from codon usage in A. xylosidans EGP46495.1 (Fig. S6). Taken
together, PrBSAS1-PrBSAS3 sequence compositionwas more similar
to that of insects than to that of bacterial species which might be
representative of the donor organism in the horizontal gene
transfer event proposed by Wybouw et al. (2014).4. Discussion
b-Cyanoalanine synthases have long been hypothesized to
protect insects from cyanide intoxication (Duffey and Blum, 1977;
Witthohn and Naumann, 1987; Zagrobelny et al., 2004) but no in-
sect b-cyanoalanine synthase has been identiﬁed at the molecular
level. Here, we demonstrate bcyanoalanine synthase activity in
larvae of P. rapae. While high activity in gut tissue indicatesinvolvement of larval enzymes, activity in gut content might be
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insect. As the head section of the larvae includes part of the foregut
with its content and contamination of the integument with gut
tissue cannot be completely excluded, the source of activity in ex-
tracts of head and integument remains unclear. In agreement with
involvement of larval enzymes, we identify three gut-expressed
enzymes, PrBSAS1-PrBSAS3, which are capable of catalyzing for-
mation of b-cyanoalanine from cyanide and cysteine. Based on
qPCR analysis on gut tissue, integument and head of the larvae, the
gut is themajor site of PrBSAS1-PrBSAS3 gene expression. Transcript
levels in the other larval samples analyzed were very low and likely
due to contamination with gut tissue. Localization of enzyme ac-
tivity in the gut is meaningful, as this is likely the major site of
cyanide liberation upon ingestion of benzylglucosinolate-rich food
plants. Although the enzyme assays with larval extracts do not
allow us to discriminate between the activity of larval enzymes and
enzymes of possible bacterial symbionts, the sequence composition
of PrBSAS1-PrBSAS3 together with expression and phylogenetic
analyses supports the presence of insect BSAS in the larval gut.
Enzyme kinetics indicate a rather low afﬁnity of PrBSAS1 and
PrBSAS2 for cysteine and cyanide. The values are, however, in the
same range as reported for other BSAS (Table 1). PrBSAS3 appears to
have an about 500fold higher afﬁnity for cysteine than PrBSAS1 and
PrBSAS2. Wewere not able to prove MichaeliseMenten kinetics for
PrBSAS3 and cyanide, but based on the Km for cysteine, we expect
this enzyme to function at low cyanide concentrations. As PrBSAS1
had the highest turnover numbers, but lowest transcript levels
based on qPCR, it is difﬁcult to predict the contribution of each
enzyme to cyanide metabolism in the gut based on the present
data. Future studies should determine abundance of PrBSAS1-
PrBSAS3 in the gut and test if suppression of PrBSAS1-PrBSAS3
expression by e.g. RNA interference affects cyanide tolerance of the
larvae. Exposure to cyanide did not have large effects on b-cya-
noalanine synthase activity and transcript levels of PrBSAS1-
PrBSAS3 in the gut. Thus, this cyanide detoxiﬁcation mechanism
seems to be constitutively active even though benzylglucosinolate
is present only in some of the host plants of P. rapae. This could be a
relict from evolutionary ancestors of P. rapaewhichwere constantly
exposed to cyanide (see below). Interestingly, Tu-CAS from T. urticae
was cloned based on its transcriptional response after mites had
been grown on cyanogenic plants for 30 generations (Wybouw
et al., 2014). Whether higher levels of b-cyanoalanine synthase
activity are achieved in P. rapae when raised on
benzylglucosinolate-containing plants for several generations re-
mains to be investigated.
Enzyme activity assays with soluble gut proteins and the lack of
a signal peptide in the deduced amino acid sequence indicate a
cytosolic localization of PrBSAS1-PrBSAS3. Cytosolic and mito-
chondrial b-cyanoalanine synthases have been described previ-
ously in both plants and insects (Hatzfeld et al., 2000; Yamaguchi
et al., 2000; Hell and Wirtz, 2011; Meyers and Ahmad, 1991;
Wybouw et al., 2014). Besides preventing cyanide from entering
the mitochondria, cytosolic localization of b-cyanoalanine syn-
thases also protects mitochondria from H2S which is a respiration
toxin itself (Erecinska and Wilson, 1980) and released upon b-
cyanoalanine formation (Fig. 1). b-Cyanoalanine synthase and O-
acetylserine (thiol) lyase have been shown to act together in
balancing sulﬁde and cyanide levels in the nematode C. elegans
(Budde and Roth, 2011; Vozdek et al., 2013), and BSAS with both
activities have been described (Hell and Wirtz, 2011; Wybouw
et al., 2014). Our experiments on a possible O-acetylserine (thiol)
lyase activity of PrBSAS1-PrBSAS3 did not yield conclusive results.
Experiments with the puriﬁed recombinant enzymes were
hampered by a high background of endogenous E. coli O-ace-
tylserine (thiol) lyase activity. Although there was indication for O-acetylserine (thiol) lyase activity of puriﬁed recombinant PrBSAS1,
the PrBSAS1 expression construct was unable to complement O-
acetylserine (thiol) lyase deﬁciency of the NK3 mutant of E. coli (in
contrast to the corresponding AtOAS-TL construct used as positive
control). However, we did not test if the NK3 strain expressed
PrBSAS1-PrBSAS3 in active form and at levels comparable to those
of AtOAS-TL. Thus, it remains to be shown if one or several of the
identiﬁed BSAS from P. rapae possess a dual activity as b-cyanoa-
lanine synthase and O-acetylserine (thiol) lyase.
Phenylalanine-derived glucosinolates such as benzylglucosino-
late are among the predominant glucosinolates in the basal Bras-
sicales which emerged about 90 million years ago (Fahey et al.,
2001; Wikstroem et al., 2001; Mithen et al., 2010; Edger et al.,
2015). Pierids acquired NSP activity less than 10 million years
later enabling them to colonize glucosinolate-containing plants
(Wheat et al., 2007). Hence, Pierids were likely confronted with
cyanide released upon metabolism of glucosinolate-derived aro-
matic nitriles and had to protect themselves from cyanide
poisoning (Stauber et al., 2012). Thus, besides NSP, an efﬁcient cy-
anide detoxiﬁcation system might have been a prerequisite for the
host shift to Brassicales. As cyanogenic glucosides are an evolu-
tionary old group of specialized metabolites (Gleadow and Møller,
2014), the Pierids might have been equipped with means of cya-
nide detoxiﬁcation before their host shift to Brassicales (Stauber
et al., 2012). Noteably, ancestral Pierids were feeding on Fabales, a
plant order rich in cyanogenic glucoside-containing species. This
might also explain the lack of regulation upon cyanide exposure as
the Fabales-feeders might have been constantly exposed to
cyanogenic food plants. Whether the detoxiﬁcation pathway
developed early in the evolution of the Lepidoptera and is wide-
spread among insects or whether it is restricted to and elevated in
species adapted to cyanogenic plants has remained obscure.
Phylogenetic analysis of mainly uncharacterized insect sequences
and the attested b-cyanoalanine synthase from T. urticae indicated a
horizontal gene transfer event from bacteria which could not be
assigned to a speciﬁc time point yet (Wybouw et al., 2014). Placing
the three P. rapae b-cyanoalanine synthases identiﬁed in this study
into the phylogenetic tree shows that they group with the mite
sequence and uncharacterized lepidopteran sequences among
bacterial b-cyanoalanine synthases (Fig. 9) indicating a similar
evolutionary background. Despite their likely bacterial origin, the
sequence composition of PrBSAS1-PrBSAS3 is very similar to that of
lepidopteran genes indicating that bacterial signatures have been
overwritten through amelioration.
It is currently uncertain if the presence of several BSAS homo-
logs is a widespread phenomenonwithin the Lepidoptera. The only
other lepidopteran species for which we found several BSAS se-
quences in the databases is Heliconius melpomene whose three
BSAS sequences group together in the phylogenetic tree. Future
studies should try to identify more lepidopteran BSAS to determine
if gene duplication events happened independently in different
lepidopteran subfamilies (as one might speculate based on the
present data) and why several copies of BSAS genes were main-
tained at least in some subgroups. In case of PrBSAS1-PrBSAS3, we
found indication for different biochemical properties and different
expression levels, however, the physiological relevance of these
differences remains to be elucidated. The role of BSAS gene dupli-
cation events is also interesting in the light of recent ﬁndings by
Pentzold et al. (2015) that several lepidopteran species avoid
metabolic activation of cyanogenic compounds as indicated by the
presence of intact cyanogenic glycosides in larval frass after feeding
on cyanogenic host plants.
Taken together, larvae of P. rapae express three BSAS homologs
with b-cyanoalanine synthase activity in the gut. These are likely
derived from an ancient horizontal gene transfer event from
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(Wybouw et al., 2014). Among the three enzymes, PrBSAS1 has the
highest turnover numbers while PrBSAS3 has highest afﬁnity for
cysteine when studied in vitro after heterologous expression in
E. coli; transcript levels in gut tissue are highest for PrBSAS2. This
indicates that PrBSAS1-PrBSAS3 are functionally different. Future
studies will have to show which enzyme contributes under which
conditions to cyanide detoxiﬁcation and if the enzymes are also
involved in other metabolic processes. It will also be interesting to
compare lepidopteran species as well as other Arthropods with
varying cyanide exposure with respect to the number of BSAS ho-
mologs, their expression and biochemical properties. This could
clarify if species with high cyanide exposure (such as P. rapaewhen
feeding on benzylglucosinolate-containing plants) have evolved
more specialized enzymes for cyanide detoxiﬁcation than species
which rarely encounter cyanide. Thus, mechanisms of cyanide
detoxiﬁcation in arthropods are an interesting subject for future
studies on herbivore adaptations to plant chemical defenses in a
coevolutionary context.
Data deposition
Sequences of PrBSAS1ePrBSAS3 have been deposited at GenBank
with the accession numbers KT358808, KT358809, and KT358810,
respectively.
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